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 Reduction of ferric (Fe(III)) hydroxides is an important electron accepting process within 
a crude oil-contaminated aquifer near Bemidji, MN, USA. Fe(III) hydroxides commonly sorb 
trace elements in aquifer sediments; when they are reductively dissolved, trace elements can be 
mobilized into groundwater. We present new analyses of spatial distribution in groundwater and 
in sediment that document the mobilization of barium (Ba), strontium (Sr), cobalt (Co), and 
nickel (Ni) from sediment into groundwater. In the most reducing zone of the aquifer, Ba, Sr, Co, 
and Ni concentrations are elevated in groundwater and depleted in sediments. Downgradient 
from this zone, supersaturation of groundwater with respect to Fe2+ and HCO3- leads to the 
precipitation of siderite, which sorbs Ba, Co, and Ni due to negative surface charge generated at 
the pH conditions in the Bemidji aquifer. At the transition zone between Fe(III) reducing 
conditions and (sub)oxic groundwater, hydrous ferric oxides precipitate, promoting sorption of 
Ba, Co, Ni, and Sr. 
 Results from mass balance modeling show that ≥99.5% of mass for each trace element is 
associated with sediment, both before and 40 years after the oil spill. However, mobilization into 
groundwater is associated with a 2x increase in Sr mass, 3x increase in Ba mass, 14x increase in 
Ni mass, and 33x increase in Co mass relative to the mass contained in uncontaminated 
groundwater. This dissolved mass was sufficient to exceed health advisory concentrations for Ba 
and Ni in drinking water. Our results highlight the importance of monitoring inorganic 
contaminants, and particularly trace elements, at organic contaminant sites. 
 
Introduction 
Naturally occurring trace elements are a common inorganic contaminant in groundwater. 
Several trace elements, including arsenic (As), barium (Ba), and nickel (Ni), are regulated at the 
national level by the United States Environmental Protection Agency (EPA), or recommended 
for regulation by the World Health Organization (WHO) due to their association with adverse 
health outcomes, which include elevated cancer risk, elevated blood pressure, gastrointestinal 
problems, and skin irritation (WHO reports). Other trace elements, such as aluminum, iron, and 
zinc, are subject to secondary regulations due to their aesthetic effects (odor, taste, appearance) 
on drinking water (US EPA). Additional trace elements, including cobalt (Co), strontium (Sr), 
and molybdenum (Mo) are presently unregulated but are on the EPA Contaminant Candidate 
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List, meaning that they are under consideration for future federal regulation due to their potential 
to occur in public drinking water systems at levels of public health concern (US EPA). 
Monitored natural attenuation is often the most expedient approach to remediating 
aquifers affected by the release of organic contaminants. Microorganisms can oxidize (i.e., 
biodegrade) and consume the bioavailable organic carbon, and in doing so, they can transfer 
electrons to numerous electron acceptors via terminal electron accepting processes (TEAPs), 
which include oxygen consumption, nitrate reduction, manganese reduction, iron reduction, 
sulfate reduction, and methanogenesis. Recent research has demonstrated that Fe(III) reduction 
following the release of organic contaminants, including sewage plumes (Amirbahman et al., 
2006), landfills (deLemos et al., 2006), crude oil releases (Cozzarelli et al., 2016; Ziegler et al., 
2017a; Ziegler et al., 2017b), and petroleum/ethanol mixtures (Ziegler et al., 2015), can lead to 
the dissolution of arsenic (As) that was previously sorbed to Fe(III) hydroxides within aquifer 
sediments. These studies raised concerns about As concentrations in excess of the EPA drinking 
water standard (10 µg/L) due to this mobilization. This concern was exacerbated by the fact that 
regulations of organic-contaminated sites focus on the organic contaminant(s), and traditional 
monitoring at these sites does not include As and other inorganic contaminants that could be 
released as a secondary impact of natural attenuation. 
This research focuses on a crude oil-contaminated aquifer located near Bemidji, MN, 
where long-term biodegradation has created anoxic and suboxic zones surrounding the primary 
contaminant plume (Tuccillo et al., 1999). In the anoxic zone of the aquifer, methanogenesis and 
Fe(III) reduction are the primary TEAPS that facilitate biodegradation (Cozzarelli et al., 2016). 
As a result of reductive dissolution of Fe(III) hydroxides, most (>78%) of adsorbed As within 
sediments near the oil source was mobilized into groundwater, creating dissolved As 
concentrations ≥23x the EPA drinking water standard near the contaminant plume (Ziegler et al., 
2017a). However, mass balancing models indicate that this dissolved fraction represented only 
~0.25-0.36% of total As mass within the contaminant plume (Ziegler et al., 2017b). Furthermore, 
a reactive transport model suggests that As concentrations >10 µg/L may persist in the Bemidji 
groundwater for more than 200 years (Ziegler et al., in review). 
Modeling results indicate that if sorbed trace elements exist in sufficient quantities in 
aquifer sediments, even “minor” amounts of dissolution (<1%) following Fe(III) reduction may 
create toxic concentrations within groundwater given chronic exposure (Erickson & Barnes, 
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2005). Although research indicates that oil spills and other bioavailable organic matter sources 
have the potential to mobilize As into groundwater at toxic concentrations, there has been limited 
research on mobilization of other potentially toxic naturally occurring trace elements (i.e., Crow 
et al., 2007; Frierdich and Catalano, 2011; Ramos et al., 2014). In particular, few studies of trace 
element mobilization due to biodegradation are from a field setting. Our study uses new and 
archival field data from the Bemidji, MN crude oil contamination site to quantify the 
mobilization of Ba, Co, Ni, and Sr from aquifer sediments into groundwater.  
 
Site Description 
In 1979, a crude oil pipeline ruptured northwest of Bemidji, MN, releasing 10,700 barrels 
of crude oil onto a shallow glacial outwash aquifer. Despite clean-up efforts, ~25% of the crude 
oil infiltrated into the subsurface and pooled on the water table (USGS). Dissolution of 
hydrocarbons over time formed a dissolved contaminant plume. 
In 1983, the spill site became a United States Geological Survey (USGS) sponsored 
research site through the Toxics Substances Hydrology Program, yielding an extensive (35+ 
year) historical record of biodegradation and other natural attenuation processes. The 
hydrogeologic and biogeochemical characterization of the Bemidji site (Lovley et al., 1989; 
Bennett et al., 1993; Baedecker et al., 1993; Tuccillo et al., 1999; see Essaid et al., 2011 for a 
summary of previous work) provides important data for studying the secondary processes 
occurring in an organic-contaminated aquifer.   
The study site is located within the Pleistocene Bagley Outwash Plain (Bennett et al., 
1993). The aquifer is ~20 meters thick, with a water table gradient of ~0.003; intercalated sand, 
silt, and gravel layers with high spatial heterogeneity overlie a clay-rich glacial till layer (Bennett 
et al., 1993). Although groundwater velocities in the majority of the aquifer range from 0.15 to 
0.5 m/d, velocity is as low as 0.05 m/d in silty layers (Bennett et al., 1993). On average, aquifer 
sands are 60% quartz, 5% carbonates, 30% feldspars, and ~5% heavy minerals (including 
hornblende and ilmenite); silts have a significantly higher carbonate content than coarser-grained 
sediments (Bennett et al., 1993). Total iron content in uncontaminated sediments is ~1 wt% 
distributed across a complex mineral suite, with approximately 50% in ferrous iron phases 






Relevant biodegradation reactions at the Bemidji aquifer. Adapted from Ng et al. (2014) and 
Cozzarelli et al. (2016). 
Reaction Name Equilibrium Reaction Effects Zone in Aquifer 
Aerobic 
Degradation 
C6H6 + 7.5O2 + 3H2O  








Fe(III) Reduction C6H6 + 30Fe(OH)3(s) + 54H+  









Methanogenesis C6H6 + 6.75H2O  2.25HCO3- 
+ 3.75CH4 + 2.25H+ 
Increased acidity  I 
 
Long-term biodegradation has created five geochemical zones proceeding downgradient 
from the oil pool (Cozzarelli et al., 2016). The anoxic region is subdivided into two zones: (I) the 
methanogenic zone, which was previously Fe-reducing but became predominantly methanogenic 
due to depletion of bioavailable Fe(III) in sediments, and (II) the anoxic Fe-reducing zone. The 
presence of organic acids (from the crude oil) and acidity produced via methanogenesis (Ng et 
al., 2014) result in pH values ~1 unit lower than in uncontaminated groundwater (Bennett et al., 
1993). In both Zone I and Zone II, benzene, Fe2+, and As concentrations are high due to 
biodegradation and reductive dissolution (Cozzarelli et al., 2016). In Zone III, the suboxic 
transition zone between the contaminant plume and uncontaminated groundwater, dissolved Fe 
concentrations return to background levels as Fe2+ oxidizes and precipitates in the form of Fe(III) 
hydroxides at the leading edge of the contaminant plume (Cozzarelli et al., 2016). The 
precipitated hydrous ferric oxides in Zone III attenuate the As contaminant plume in Zones I and 
II via sorption (Ziegler et al., 2017b), and may have a similar effect on other dissolved trace 
elements. Zone III grades into Zone IV, the oxic background waters, which is underlain by Zone 
V, the naturally sub-oxic groundwater beneath the lower plume boundary; benzene, dissolved Fe, 
and dissolved As concentrations are low or negligible in both zones (Cozzarelli et al., 2016).  
This study uses new and archival groundwater and sediment data from the Bemidji site to 
identify plumes of mobilized Ba2+, Co2+, Ni2+, and Sr2+ that resemble previously identified Fe 
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and As contaminant plumes. Via mass balance modeling, we compare background sediment and 
groundwater concentrations with the concentrations within the contaminated zone in order to 
quantify the degree of mobilization and sediment-groundwater repartitioning for each trace 
element.   
 
Materials and Methods 
Groundwater Sample Collection and Analysis 
 Groundwater samples were collected annually from 2010 to 2019 along the center-line 
transect of the hydrocarbon plume (Figure 1). Wells containing free oil product were sampled 
with a Teflon bailer, and the aqueous and NAPL phases were allowed to partition via gravity. 
Only aqueous concentrations are reported in our study. Wells absent of free oil product were 
sampled using a submersible Keck pump. A minimum of three well volumes were pumped prior 
to sampling, and samples were collected after field parameters (temperature, pH, dissolved 
oxygen, and specific conductance) were stable. Samples were analyzed for a standard trace 
element suite (Li, Be, B, Al, V, Cr, Mn, Co, Ni, Cu, Rb, Sr, Mo, Ag, Cd, Sb, Sn, Zn, Mg, Se, Cs, 
Ba, La, Ce, Tl, Pb, B, Th, U, Li, Zn) using inductively coupled plasma mass spectrometry (ICP-
MS). Major and minor elements (Ca, Na, Mg, K, Si, Sr, Al, Fe, Mn, B, Ba, Li, Cu, Zn) were 
quantified via inductively coupled plasma optical emission spectrometry (ICP-OES). 
Representative groundwater concentrations for each element in each well were determined by 
selecting the highest concentration measured in the 2010-2019 dataset that was not rejected as a 
statistical outlier. 
 
Sediment Collection, Digestion, and Analysis 
Sediment cores were collected in 2014, 2015, 2016, and 2019 (Figure 1). Cores were 
collected via drilling approximately 0.3 m below the water table (8-11 m below land surface) 
with a hollow-stem auger, and pounding a 2.1 m piston core barrel beneath the augers. To 
preserve the record of subsurface geochemistry, the bottom 10 centimeters of the core barrel 
were frozen with liquid CO2 in situ (Murphy & Herkelrath, 1996). Immediately following 
extraction, core ends were covered in plastic wrap and capped. Cores were then logged for 
physical description and cut into sub-sections, which were also wrapped and capped. Sub-
sections were then wrapped in foil, vacuum-sealed in bags, and frozen onsite. Cores were 
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shipped with dry ice to either the U.S. Geological Survey in Reston, VA, Virginia Tech in 
Blacksburg, VA, or Trinity University in San Antonio, TX. 
In the laboratory, samples were removed from core sub-sections in an anaerobic chamber 
(or in open air if redox preservation was not a priority).Samples were dried in an oven for 24 
hours at 40℃, then ground lightly with a mortar and pestle. Grain sizes >2 mm were removed 
using forceps. Samples were then digested using trace metal-grade nitric acid via microwave-
assisted digestion (EPA Method 3051a). Extracts were diluted 1:10 or 1:50 with nanopure water 
and analyzed for a standard trace element suite using both ICP-OES and ICP-MS.  
 
 
Fig. 1. A) Map of the Bemidji spill site showing locations of cores and wells sampled for this 
study (easting 342,785, northing 5,271,040, UTM zone 15N North American Datum 1983). Inset 
shows site location within Minnesota. B) Cross section view of wells sampled; circles 
correspond to the center of the screen and vertical lines indicate the full screen length. The 
dashed rectangle denotes the plume domain used for mass balance modeling. C) Cross section 
view of sediment sampling locations. Well 421 is the historical zero reference point for plume 




For wells that were sampled multiple times between 2010 and 2019, the element 
concentration was used unless rejected by a Grubbs’ Test for outliers. Outliers in sediment and 




where G is the Grubbs’ test statistic, Cmax is the maximum reported concentration in the sample 
set of interest, 𝐶𝐶̅ is the mean sample concentration, and s is the sample standard deviation. If a 
groundwater sample concentration was rejected by a Grubbs’ test for outliers, but was associated 
with multiple elevated concentrations, we did not exclude it from the dataset. 
 
Mass Balance Design 
 The mass balance design for this study follows the procedure outlined in Ng et al. (2014) 
and modified in Ziegler et al. (2017b). Mass balance calculations assume conservation of mass 
within the domain boundaries, and that partitioning occurred exclusively between sediment and 
groundwater phases (i.e., that mass did not volatilize or incorporate into biomass). Under these 
assumptions, the following equation was used for each separate trace element: 
 
masspre-spill groundwater+ masspre-spill sediment = masspresent groundwater + masspresent sediment 
 
where pre-spill masses are represented by background well and sediment core data, and 
“present” masses represent the mass of a given trace element from 2014-2019 sediment and 
groundwater samples.  
All Ba, Co, Ni, and Sr data from sediment and groundwater were assigned to a cross-
sectional domain grid across the plume transect. Domain boundaries were 200 meters upgradient 
to 220 meters downgradient of well 421 (the center of the oil body and historic reference point at 
the Bemidji site), and 416 meters to 424 meters in elevation above mean sea level. The domain 
was gridded with a cell size of 1.5 meters horizontal by 0.5 meters vertical, for a total of 4480 
cells.   
Based on the gridding method and some well screen lengths, well screens at the Bemidji 
site sometimes span multiple domain grid cells. To address this issue, Ziegler et al. (2017b) 
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applied two different methods: 1) assign the measured trace element mass only to the cell 
intersected by the center of the well screen, and 2) assign the measured trace element mass to all 
cells intersected by the well screen. Differences between the two methods were insubstantial, and 
we applied the method using the center of screen only in this study.  
Plume boundaries were delineated within the model domain based on the similar spatial 
distributions of the trace element plumes as compared to the As and Fe plumes described by 
Ziegler et al. (2017b). This plume domain is -60.5 m to 151 m from well 421, and 419.5 m to 
424 m in elevation, for a total of 1260 cells; groundwater concentrations for relevant elements 
are relatively low or non-detectable outside of these domain boundaries. To account for sparse 
data beneath and adjacent to the oil body, we followed the method of Ng et al. (2014) and 
assumed that these regions would resemble the most reducing regions of the aquifer. For 
groundwater, we applied values corresponding to the 90th percentile of concentrations measured 
for each trace element to the upgradient lower and upper corners of the plume rectangle. For 
sediment, we applied the mean concentrations for each trace element in the most reducing zone 
of the plume (5-25 m from well 421) to the rectangle corners. 
Because the aquifer sediments are primarily quartzose, we used the density of quartz 
(2.65 g/cm3) to convert element concentrations in sediment (mg/kg) to mass units. Groundwater 
and sediment concentrations of each element (g/m3) were interpolated over the domain grid 
using linear kriging in Surfer 11 (Golden Software). Then, the groundwater and sediment 
concentrations for each element were integrated over the area within the plume boundary, 
yielding a calculation of the mass per meter of aquifer thickness (g/m, oriented perpendicular to 
the direction of groundwater flow). 
 
Results 
Trace Elements of Interest 
 Samples were analyzed for a standard trace element suite (Li, Be, B, Al, V, Cr, Mn, Co, 
Ni, Cu, Rb, Sr, Mo, Ag, Cd, Sb, Sn, Zn, Mg, Se, Cs, Ba, La, Ce, Tl, Pb, B, Th, U, Li, Zn) using 
inductively coupled plasma mass spectrometry (ICP-MS) for groundwater and sediment samples 
and inductively coupled optical emission spectrometry (ICP-OES) for sediment samples. Of the 
trace elements analyzed, Ba2+, Sr2+, Co2+, and Ni2+ showed discernable plumes in groundwater 




Background Values in Sediment and Groundwater 
 Table 2 reports measured values for Ba, Sr, Co, and Ni in sediment and groundwater 
samples collected upgradient and far downgradient (for groundwater) from the plume 
boundaries. Well samples downgradient of the plume were considered to be “background” 
samples if they were more than 200 m downgradient from well 421, within oxic conditions and 
beyond the leading edge of dissolved trace element fronts. Grubbs’ test identified several 
sediment samples as outliers (2 for Ba(II) and 1 each for Sr(II), Co(II), and Ni(II); denoted ** in 
Table 2) due to abnormally high trace element concentrations; these outliers were omitted in 
calculations of background sediment values. 
 
Table 2. 
Background sediment and groundwater chemistry. Values denoted ** are outliers and not 
included in statistical calculations. Because of the COVID-19 pandemic, our sediment samples 
have not been analyzed and reported by the contract laboratory, and thus the sediment data is 
incomplete; values that are yet to be reported (or are otherwise absent, in the case of groundwater 
data) are denoted --. Concentrations less than the analytical limit of detection are reported as 
BDL (below detection limit), and statistical information is reported as zero (after rounding). 
Core Samples 
Location Elevation (m AMSL) Ba (mg/kg) Co (mg/kg) Ni (mg/kg) Sr (mg/kg) 
upgradient 422.43 13.99 -- -- -- 
upgradient 422.43 8.96 1.31 2.96 12.51 
upgradient 422.59 19.39 -- -- 20.59 
upgradient 422.62 13.99 -- -- -- 
upgradient 422.74 37.42**  -- -- 43.57**  
upgradient 422.78 20.20 -- -- -- 
upgradient 423.08 8.06 2.10 5.00 18.44 
upgradient 423.10 23.20 -- -- 24.80 
upgradient 423.54 14.39 3.82 6.90 30.62 
upgradient 423.72 16.31 2.59 5.12 16.16 
upgradient 423.72 20.19 3.53 6.81 22.79 
upgradient 423.73 9.03 1.92 4.54 19.61 
upgradient 423.76 38.00**  4.36**  9.38**  21.60 
upgradient 423.76 32.41 3.32 7.63 19.65 
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upgradient 424.15 15.22 2.21 4.58 13.63 
upgradient 424.15 17.40 2.09 4.16 12.62 
Mean 16.62 2.54 5.30 19.42 
Standard deviation 6.43 0.84 1.51 5.32 
25th percentile 11.51 1.97 4.55 16.16 
75th percentile 20.19 3.42 6.85 22.49 
 
Groundwater Samples 
Location Elevation (m AMSL) Ba2+ (µg/L) Co2+ (µg/L) Ni2+ (µg/L) Sr2+ (µg/L) 
upgradient 406.89 139 BDL 3.0 198 
upgradient 423.05 393 BDL 3.0 63 
upgradient 424.34 62 BDL 2.0 75 
downgradient 419.88 56 -- -- -- 
downgradient 418.30 67 1.2 2.9 83 
downgradient 422.94 75 BDL 2.6 102 
downgradient 420.24 201 -- -- 58 
downgradient 419.19 64 BDL 0.8 79 
downgradient 424.24 34 BDL 0.3 58 
downgradient 420.27 78 BDL 0.5 90 
downgradient 421.40 67 BDL 0.7 85 
Mean 112 0 1.8 89 
Standard deviation 63 0 0.7 66 
25th percentile 77 0 2.7 85 
75th percentile 104 0 1.2 41 
 
 
Spatial Distribution of Mass in Sediment and Groundwater 
 Mean background sediment and groundwater concentrations for Ba2+, Co2+, Ni2+, and 
Sr2+ (see Table 2) were applied uniformly over the domain grid. Calculated sediment masses for 
the entire model domain were 26 kg/m for Ba(II), 30.4 kg/m for Sr(II), 3.98 kg/m for Co(II), and 
8.29 kg/m for Ni(II) (Table 3). Based on groundwater background values, Co2+ concentrations 
were below detection (<0.5 µg/L) prior to the oil spill, so a value of 0 kg/m was applied to the 
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aqueous phase for mass balance purposes. Ba2+, Sr2+, and Ni2+ had detectable background 
groundwater concentrations of 112 µg/L for Ba, 89 µg/L for Sr, and 1.8 µg/L for Ni, yielding 
domain totals of 0.041 kg/m, 0.032 kg/m, and 0.0006 kg/m, respectively. The 25th and 75th 
percentiles of background sediment sample concentrations provided a range of uncertainty in 
domain totals. 
 
Table 3.  
Mass balance results. 
Ba Mass Balance Mass kg/m (uncertainty) Percent of domain total 
Prior to oil spill Groundwater 0.041 0.2 
Sediment 26 (18-31.6) 99.8 
Total 26.041 (18.041-31.641) 100 
Current (40 years 
after oil spill) 
Groundwater 20.9 80.3 
Sediment 0.108 0.4 
Total 21.08 80.7 
Sr Mass Balance   
Prior to oil spill Groundwater 0.032 0.1 
Sediment 30.4 (25.3-35.2) 99.9 
Total 30.432 (25.332-35.232) 100 
Current (40 years 
after oil spill) 
Groundwater 0.061 0.2 
Sediment 28.5 93.9 
Total 28.561 94.1 
Co Mass Balance   
Prior to oil spill Groundwater 0 0 
Sediment 3.98 (3.07-5.35) 100 
Total 3.98 (3.07-5.35) 100 
Current (40 years 
after oil spill) 
Groundwater 0.003 0.1 
Sediment 2.24 56.2 
Total 2.243 56.3 
Ni Mass Balance   
Prior to oil spill Groundwater 0.0006 0.01 
Sediment 8.29 (7.11-10.7) 99.99 
Total 8.2906 (7.1106-10.7006) 100 
Current (40 years 
after oil spill) 
Groundwater 0.0089 0.11 
Sediment 5.05 60.89 
Total 5.0589 61.0 
 
The kriged sediment element concentrations across the plume domain indicate 
redistribution of Ba(II), Sr(II), Co(II), and Ni(II) mass associated with biodegradation of 
hydrocarbons over the past 40 years (Figure 2). Co(II) and Ni(II) are substantially depleted in 
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sediments beneath and adjacent to the oil body, and Ba(II) and Sr(II) values are below 
background concentrations downgradient from the oil body. Zones of enrichment occur 
downgradient from and adjacent to these depleted regions, and are spatially heterogeneous 
(Figure 2). Maximum sediment concentrations represent up to a 57% increase relative to 
background mass for Ba(II), up to a 51% increase relative to background mass for Sr(II), up to a 
18% increase relative to background mass for Ni(II), and up to a 9% increase relative to 
background mass for Co(II). Maximum sediment concentrations form a “wall” at ~80 m 
downgradient from well 421 for Ba(II), Co(II), and Ni(II) (Figure 2). A second “wall” of 
elevated sediment concentrations occurs at ~110 m downgradient for Ba(II), Sr(II), and to a 
minor extent Co(II) and Ni(II) (Figure 2).  
The kriged groundwater element concentrations demonstrate that groundwater is enriched 
in Ba2+, Co2+, Ni2+, and Sr2+ in the plume region relative to the background regions, though each 
trace element exhibits different spatial distributions (Figure 2). The maximum concentration in 
groundwater samples was 794 µg/L for Ba2+ (7x greater than mean background value), 281 µg/L 
for Sr2+ (3x greater than mean background value), 29 µg/L for Co2+ (116x greater than mean 
background value), and 118 µg/L for Ni2+ (66x greater than mean background value). For Ba2+, 
Sr2+, Co2+, and Ni2+, the highest groundwater concentrations occur near well 421, beneath the oil 
body. Co2+ and Ni2+ concentrations decrease along the flowpath and with depth, returning to 
background values by ~70 m downgradient of well 421 (Figure 2). Elevated Ba2+ and Sr2+ 
concentrations are comparatively persistent and spatially heterogeneous across the plume region. 
For both elements, the leading edge of the plume occurs at ~150 m downgradient of well 421, 
but in the Ba2+ plume, groundwater concentrations decrease somewhat between ~75 m 
downgradient from well 421 and the leading edge of the plume (Figure 2). 
Comparisons of pre-spill estimates and present-day mass balance calculations indicate 
that dissolved mass in the model domain approximately doubled for Sr, tripled for Ba, increased 
14 times for Ni, and increased 33 times for Co. Although these are substantial increases, 
calculations for present-day groundwater Ba2+, Co2+, Ni2+, and Sr2+ masses account for only 0.1-
0.4% of pre-spill mass estimates. The amount of dissolved mass accounted for in present-day 
domain totals also varies by element. When pre-spill domain totals are calculated using mean 
background concentrations, 6% of Sr mass, 19% of Ba mass, 39% of Ni mass, and 44% of Co 




Fig. 2. Kriged groundwater (left, in µg/L) and sediment (right, in mg/kg) concentrations for A) 
barium, B) cobalt, C) nickel, and D) strontium in the Bemidji aquifer. The white rectangle in the 
groundwater concentration maps outlines the plume boundaries used for mass balance modeling. 
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An estimate for the degree of mobilization from sediment into groundwater for each 
element was quantified by calculating the percentage of pre-spill cell mass (in kg/m) represented 
by the average sediment mass in the most reducing zone of the aquifer (5-25 m downgradient 
from well 421); pre-spill groundwater mass was sufficiently low that it did not affect this 
calculation. These calculations indicated that 49% of Co mass, 46% of Ni mass, and 21% of Ba 
mass was mobilized from the most contaminated region of the Bemidji aquifer (the average Sr 
mass in this zone exceeded pre-spill cell mass and this calculation was therefore ineffective at 
quantifying the degree of Sr mobilization).  
 
Discussion 
Variation in Spatial Distribution of Trace Element Masses 
 This study documents zones of elevated Ba, Co, Ni, and Sr concentrations in 
groundwater, and depleted concentrations in sediment, adjacent to the oil body in the Bemidji 
aquifer. These zones are similar to the Fe and As plumes documented in previous research 
(Cozzarelli et al., 2016; Ziegler et al., 2017a; Ziegler et al., 2017b), and also feature regions of 
elevated sediment concentrations near the leading edge of the plume, where anoxic waters mix 
with (sub)oxic groundwater. Interestingly, there is heterogeneity in the regions of elevation in 
sediment. For example, there is a “wall” of sediment enriched in Co(II), Ni(II), and Ba(II) at 
~80-90 m downgradient from well 421; because this region is actively Fe-reducing and therefore 
hydrous ferric oxide (HFO) minerals are depleted, trace element precipitation into sediment is 
unexpected. A second wall of enrichment occurs for Ba(II) and Sr(II), and to a lesser extent 
Co(II) and Ni(II), at ~110-120 m downgradient from well 421. At this interface, dissolved Fe2+ 
oxidizes, forming HFO precipitates that create a zone of elevated concentration in sediments that 
extends from ~110-130 m downgradient from well 421 (Ziegler et al., 2017b). This Fe(III)-rich 
zone has a higher sorption capacity to remove dissolved trace elements, including As, Ba2+, Sr2+, 
Co2+, and Ni2+ via surface complexation reactions, although the zones of elevated sediment 
concentration for each element differs somewhat from the Fe zone.   
Ba, Co, Ni, and Sr mass balances document the mobilization of mass from sediment into 
groundwater. However, plume geometries vary for each element. Ni and Co plumes in 
groundwater are centered on well 421 and largely conform to the boundaries of the most 
reducing region of the contaminant plume. In the most reducing region of the plume, 5-25 m 
downgradient from well 421, Co and Ni masses in sediment are roughly one half of background 
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or pre-spill mass values. Co and Ni masses partition back to the sediments ~80-90 m 
downgradient from well 421, although resorption onto iron oxide minerals is unlikely under the 
reducing conditions in this zone. In contrast, Ba and Sr are more persistent in groundwater and 
occur in heterogeneous zones within the plume, with leading edges extending as far as ~150 m 
downgradient from well 421. Zones of depleted Ba and Sr in sediment occur 50 m downgradient 
from well 421, outside of the most reducing region of the plume. The majority of Ba and Sr 
resorption appears to occur ~110 m downgradient from well 421, approximately 20 m further 
along the flowpath than the Co and Ni resorption zone, although some sorption appears to occur 
earlier at ~80-90 m downgradient from well 421.  
Some of the variation between Ba/Sr and Co/Ni distributions in sediment and 
groundwater may be attributed to visualization methods. The maximum (non-outlier) 
concentrations observed in aquifer sediments were 3.8 mg/kg for Co, 8.1 mg/kg for Ni, 30.8 
mg/kg for Sr, and 32.4 mg/kg for Ba. Mean background concentrations in sediments were 2.5 
mg/kg for Co, 5.3 mg/kg for Ni, 16.6 mg/kg for Ba, and 19.4 mg/kg for Sr. Both maximum and 
background Ba and Sr concentrations are an order of magnitude higher than Co and Ni 
maximum and background concentrations. These baselines for comparison yield visually 
dissimilar concentration interpolation maps; the same 1-2 mg/kg loss of mass translates to a 
relatively low percent mobilization for Ba, but constitutes a 40-50% mobilization for Co or Ni. 
Variation in scale of sediment concentration also provides a partial explanation for why present-
day domain totals account for a more complete mass balance for Ba/Sr relative to Co/Ni mass 
between pre- and post-spill calculations.    
Additionally, Ba and Sr have similar geochemical properties that differ slightly from Co 
and Ni, which have highly similar geochemical behaviors. These differences likely influence the 
spatial distributions observed in sediment and in groundwater. A study of alkaline earth cation 
(Ca, Sr, Ba, Ra) sorption demonstrated that the retention of Ba and Sr (and Ca and Ra) on biotite 
systematically decreases as ionic strength increases (Soderlund et al., 2019). Other researchers 
(Small et al., 2001) found that Sr sorption onto hydrous ferric oxides (HFO) is independent of 
ionic strength, but sorption onto bacteria-HFO composite solids has a moderately negative 
relationship with ionic strength. Research on the Bemidji plume (Ziegler et al., 2017a) suggested 
that As may sequester in silty layers at higher rates relative to sandy sediments due to 
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groundwater residence times and greater sorption capacity; it is possible that the same finer-
grained, silt-rich layers also exhibit differential sorption of Ba/Sr or Co/Ni. 
 To explain the spatial variability of the various trace elements reported here and in 
Ziegler et al. (2017b), we invoke cation sorption onto Fe oxides using the electrical double layer 
model. This equilibrium-based model explains sorption based on physical sorbent properties 
(surface area, surface site density) and geochemistry at the mineral-solution interface (pH, ionic 
strength, elemental composition, etc.) (Dzombak & Morel, 1990). Sorption of each cation in 
solution is expressed as a thermodynamic expression with its own intrinsic surface complexation 
constant, derived from the literature and compiled by Dzombak and Morel (1990).  
 
Table 4. 
Surface complexation reactions between HFO and Ba2+, Sr2+, Co2+, and Ni2+, adapted from 
Dzombak & Morel (1990). Superscripts on Fe correspond to strong (inner layer) and weak (outer 
layer) sorption onto the HFO molecule, according to the electrical double layer model. 
 Surface Complexation Reaction Log 𝐾𝐾1𝑖𝑖𝑖𝑖𝑖𝑖 Log 𝐾𝐾2𝑖𝑖𝑖𝑖𝑖𝑖 Log 𝐾𝐾3𝑖𝑖𝑖𝑖𝑖𝑖 
Ni ≡ Fe𝑠𝑠OH0 + Ni2+ = ≡ Fe𝑠𝑠ONi+ + H+ 0.37 -- -- 
Co ≡ Fe𝑠𝑠OH0 + Co2+ = ≡ Fe𝑠𝑠OCo+ + H+ -0.46 -- -- 
≡ Fe𝑤𝑤OH0 + Co2+ = ≡ Fe𝑤𝑤OCo+ + H+ -- -3.01 -- 
Sr ≡ Fe𝑠𝑠OH0 + Sr2+ = ≡ Fe𝑠𝑠OHSr2+ 5.01 -- -- 
≡ Fe𝑤𝑤OH0 + Sr2+ = ≡ Fe𝑤𝑤OSr+ + H+ -- -6.58 -- 
≡ Fe𝑤𝑤OH0 + Sr2+ + H2O = ≡ Fe𝑤𝑤OSrOH0 + 2H+ -- -- -17.60 
Ba ≡ Fe𝑠𝑠OH0 + Ba2+ = ≡ Fe𝑠𝑠OHBa2+ 5.46 -- -- 
 
Experimental data suggest that Co2+ (and likely Ni2+ by extension) has a higher type 1 
site density than Sr2+, corresponding to higher availability of cation-specific binding sites 
(Dzombak & Morel, 1990). Ba2+ and Sr2+ have higher intrinsic surface complexation constants 
than Co2+ and Ni2+; furthermore, surface complexation models indicate that alkaline earth 
cations, including Ba2+ and Sr2+, are capable of sorption to both protonated and deprotonated 
sites, whereas Co2+ and Ni2+ sorb to deprotonated sites (Dzombak & Morel, 1990). The pH50, 
defined as the pH at which 50% of a dissolved trace element sorbs to HFO, is 6.6-6.7 for Co2+, 
6.6 for Ni2+, 7-8.5 for Sr2+, and 7.6-8.5 for Ba2+ (Dzombak & Morel, 1990). Additionally, 
research (Dzombak & Morel, 1990; Fischer et al., 2007) has documented a positive relationship 
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between metal affinity for hydroxide ions and metal affinity for goethite surface complexation. 
Co2+ and Ni2+ have higher equilibrium constants for aqueous complexation with hydroxyl ions as 
compared to Ba2+ and Sr2+ (Dzombak & Morel, 1990). 
For hydrous ferric oxide surface complexation, Co2+ and Ni2+ have lower pH50 values, 
higher affinity for aqueous complexation with hydroxyl ions, and higher type 1 site densities as 
compared to Ba2+ and Sr2+ (Dzombak & Morel, 1990). Although Ba2+ and Sr2+ have higher 
sorption equilibrium constants, the elevated ionic strength of groundwater near the contaminant 
plume may hinder their capacity to sorb to ferric oxides (Soderlund et al., 2019), particularly if 
these ferric oxides are associated with bacteria (Small et al., 2001). 
Additionally, hydrous ferric oxides may not be the only species capable of sorbing 
cations. Scanning electron micrograph images documented the presence of ferroan calcite, or 
siderite, within sediments in the contaminant plume zone of the Bemidji aquifer (Tuccillo et al., 
1999). In Zone I of the aquifer, the presence of organic acids and acidity produced by both 
methanogenesis and historical aerobic degradation (see Table 1) dissolves carbonate minerals, 
resulting in high concentrations of HCO3- and CO32- ions (Ng. et al, 2014). In Zone II, Fe(II) 
reduction consumes acidity and produces both HCO3- and Fe2+ ions (see Table 1). Under these 
geochemical conditions, siderite can precipitate by the following reaction: 
Fe2+ + CO32− = FeCO3(s)   
Saturation index values calculated by Ng et al. (2014) suggest that a zone of siderite 
precipitation occurred ~80 m downgradient from well 421 between 10-20 years after the oil spill, 
and ~100 m downgradient from well 421 approximately 30 years after the oil spill. Siderite has a 
PZNC of 5.3 (Charlet et al., 1990), meaning that at pH > 5.3, siderite surfaces generate negative 
surface charge and are therefore able to sorb cations from solution. The pH in the Bemidji 
aquifer ranges from 6-8, so siderite precipitated under these conditions would have a 
predominantly negative surface charge. This likely explains why there is a “wall” of cation 
sorption in the Fe-reducing zone, but not an analogous wall for As (Ziegler et al., 2017a), which 
exists as various oxyanions in solution and therefore will not sorb unless positive surface charge 
is generated. 
A combination of siderite sorption and hydrous ferric oxide sorption may partially 
explain why Co2+ and Ni2+ resorb ~20 m closer than Ba2+ and Sr2+ along the flowpath from the 
hydrocarbon contaminant plume. As groundwater acidity decreases at the transition between 
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methanogenic and Fe(III)-reducing zones, supersaturation with respect to both HCO3- and Fe2+ 
favors the precipitation of siderite (Equation 1; Ng et al., 2014). Because Co2+ and Ni2+ have 
lower pH50 values compared to Ba2+ and Sr2+ (Dzombak & Morel, 1990), geochemical 
conditions favor their sorption under the somewhat acidic conditions (pH ~7) in this zone (Ng. et 
al., 2014); as such, elevated Co(II) and Ni(II) concentrations in sediments ~90 m downgradient 
from well 421 may indicate their preferential sorption onto siderite (Figure 2). Further down the 
flowpath, as pH continues to increase (up to ~7.3-7.5; Ng et al., 2014), ionic strength decreases, 
and redox conditions favor Fe(III) precipitation, Ba2+ and Sr2+ are favored to sorb to HFO 
precipitates due to their higher intrinsic surface complexation constants and ability to sorb to 
both protonated and deprotonated surface sites (Dzombak & Morel, 1990).  
 
Missing Mass 
 Mass balance models in this study use mean background sediment concentrations, and 
fail to account for between 6% (Sr) and 44% (Co) of total pre-spill masses. Some of this mass 
may be accounted for by adjusting the background sediment concentration used to represent pre-
spill aquifer sediments. When the 25th percentile background sediment concentration is used to 
calculate domain totals instead of the 50th percentile, current mass balance totals for Ba and Sr 
more than account for pre-spill masses, but 27% of Co mass and 29% of Ni mass remains 
unaccounted for. Another likely factor is the previously discussed difference in scale between 
Ba/Sr and Co/Ni, where Co and Ni mass balance models are more sensitive to the same amount 
of unaccounted for mass (e.g. 1 kg/m) due to containing substantially less total domain mass. 
Finally, our sampling regime likely fails to represent the full spatial heterogeneity of the 
contaminated aquifer. Limitations in core sampling technology mean that sediment cores do not 
fully capture the vertical boundaries of the contaminant plume, where anoxic plume waters mix 
with oxic groundwater recharge (upper boundary) and naturally (sub)oxic groundwater (lower 
boundary), both of which likely promote the oxidation of aqueous Fe2+ in the plume to form 
Fe(III) precipitates. Tuccillo et al. (1999) documented a zone of elevated Fe(III) in sediment 
along the lower plume boundary, which suggests that HFO precipitation and subsequent trace 







 As with As and Fe over the same domain (Ziegler et al., 2017b), sediment contains the 
vast majority (>99%) of Ba, Co, Ni, and Sr mass in the plume region. Although elevated 
dissolved trace element concentrations are 2-25 times higher than in background groundwater 
samples, dissolved mass accounts for <0.5% of the present-day, post-spill domain total. 
Maximum groundwater concentration values exceed the 70 µg/L EPA Health Advisory Drinking 
Water Equivalent Level for Ni2+ (EPA, 2018) and the 700 µg/L WHO guideline value for Ba2+ in 
drinking water (although Ba2+ concentrations do not exceed the 2 mg/L EPA MCL). Reported 
Ba(II) levels in soil generally range from 15 to 3500 mg/kg and Ni(II) levels range from 4 to 80 
mg/kg (CDC Toxicological Reports); background sediment concentrations in the Bemidji aquifer 
(16.62 mg/kg for Ba(II) and 5.30 mg/kg for Sr(II)) are on the low end of both ranges. As such, 
mass balance models for Ba and Ni at the Bemidji site suggest that the majority of aquifers 
containing even low concentrations of Ba and Ni are vulnerable to groundwater concentrations 
of health concern of these elements, if organic matter biodegradation processes result in reducing 
geochemical conditions.  
 
Conclusions and Implications 
 At the Bemidji aquifer site, reducing geochemical conditions result in the dissolution of 
Fe(III) hydroxides, which are associated with substantial increases in Ba2+, Sr2+, Co2+, and Ni2+ 
groundwater concentrations due to mobilization from trace elements into groundwater. Although 
aquifer sediments remain the primary reservoir for trace element mass (>99.5% of Ba, Sr, Co, 
and Ni mass), spatial distributions indicate trace element depletion within sediments in the most 
reducing zones of the aquifer, and elevated concentrations in sediments downgradient from the 
contaminant zone. These elevated concentrations in sediment correspond to zones where 
geochemical conditions favor the precipitation of siderite, and subsequent sorption of Co and Ni, 
followed by precipitation of hydrous ferric oxide further downgradient, and subsequent sorption 
of Ba and Sr, and to a lesser extent, Co and Ni. Although these siderite and hydrous ferric oxide 
zones promote sorption of Ba, Sr, Co, and Ni, these trace element masses may be remobilized via 
changing geochemical conditions due to natural attenuation of bioavailable organic matter. 
Although long-term monitored natural attenuation is an effective strategy for reducing the 
concentration of organic contaminants in aquifers, it results in secondary consequences in the 
form of trace element mobilization into groundwater. In this study of the Bemidji site, Ba2+ and 
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Ni2+ groundwater concentrations exceeded WHO guidelines and EPA health advisory levels, and 
are associated with health risks, including increased risk of high blood pressure (for Ba2+; WHO 
report), gastrointestinal issues, and skin irritation (for Ni2+; WHO report). Furthermore, 
simultaneous exposure to Ba2+ and As in drinking water is correlated with increased effects of 
As toxicity (Kato et al., 2013). 
Last, it is important to note that the trace elements mobilized into groundwater as a result 
of natural attenuation are partially dependent on the trace elements initially present in the aquifer 
matrix. In this study, Ba, Sr, Co, and Ni mobilization are documented because they were present 
(albeit at low concentrations) in the aquifer matrix. However, the mobilization mechanism is not 
specific to Ba, Sr, Co, and Ni, and is likely to affect any trace elements associated with 
bioavailable Fe(III) in an aquifer. For example, other toxic trace elements (e.g. cadmium) were 
nondetectable in Bemidji aquifer sediments, but it is possible that an aquifer with higher levels of 
naturally occurring cadmium in sediment is vulnerable to unsafe levels of cadmium in drinking 
water if reducing conditions are established (e.g., following organic contamination). As such, 
this study highlights the importance of monitoring inorganic contaminants, and particularly trace 
elements, at organic contaminant sites. 
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